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ABSTRACT 
Computerized reconstruction and measurement of cross-sectional compactness were used to analyze 
the collapse behavior of fibers in a kraft-cooked fiber bundle containing early- and transition wood 
fibers. The results show that the collapse behavior of delignified fibers may be determined by fiber 
structure and dimensions, and how these are affected by the action of external forces. Nevertheless, 
some deformation may also arise from internal stresses during drying. Cross-sectional compactness 
was shown to correlate with the collapse resistance of fiber walls. Results show that the collapse 
behavior of thin-walled fibers with similar cross-sectional compactness values may vary greatly along 
the fiber axis. Cross-sectional compactness was relatively higher and constant along the fiber axis for 
fibers with thick cell walls. Fibers with thin cell walls showed lower values of cross-sectional com- 
pactness, which seem to decrease towards the middle of the fiber. Cross-sectional compactness seems 
to increase towards the fiber tips. Fiber ends may become flattened after delignification independently 
of high values of cross-sectional compactness. Computerized 3D reconstruction techniques may be a 
valuable tool in understanding the collapse behavior of pulp fibers. 
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INTRODUCTION 
The ability of papermaking fibers to con- 
form to one another allows for better contact 
between fibers in the paper sheet. Lower re- 
sistance to bending improves fiber conforma- 
bility. Since wood fibers are tubular, they bend 
easily when flattened or collapsed, making 
collapsibility or ability to become flattened a 
very important pulp fiber property. 
During chemical pulping, fibers are deligni- 
fied and exposed to external forces that can 
change their native cross-sectional shape. Kraft 
pulp fibers, for instance, can collapse to different 
degrees after cooking, which may influence fiber 
flow and distribution prior to papermaking. Im- 
portant kraft fiber determinants are collapse re- 
sistance, fiber perimeter, and wall thickness or 
wall area combinations, relative number of fi- 
bers, and fiber length (Kibblewhite 1999). 
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FIG. 1. Above, 3D reconstruction of fiber cell wall segments from a kraft-cooked fiber bundle showing morpho- 
logical aspects of fiber collapse. Below, images of the two semi-thin section used to create the 3D reconstruction. 
In general, as a result of fiber collapse, the 
cross-sectional area of the fiber lumen is re- 
duced or even eliminated. Such fiber flattening 
can be estimated and characterized in different 
ways (Robertson 1963; Page 1967; Kibble- 
white and Hamilton 1984; Miller 1989; Evans 
et al. 1997; Jang et al. 1995; Jang and Seth 
1998). Degree of fiber collapse is often cal- 
culated through the correlation of randomly 
measured geometrical parameters without any 
further analysis of the origin or nature of col- 
lapse. For instance, Runkel's ratio and Luce's 
shape factor have been used as a measure of 
collapse resistance (Evans et al. 1997). These 
two parameters are based on cross-sectional 
measurements assuming separated fibers to be 
circular in cross section. The presence of 
cross-sectional compactness has also been 
suggested as a parameter that would give an 
indication of the flexibility and collapsibility 
of fibers (Sirvo 2001). However, very little is 
known about the properties of cell-wall col- 
lapse of whole pulp fibers. Anatomical fea- 
tures such as bordered and crossfield pits (Sir- 
vio and Karenlampi 1998) as well as fiber di- 
mensions, fiber chemistry, and microfibril an- 
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FIG. 2. 3D reconstruction showing the shape of sev- 
eral tracheid segments from three different perspectives. 
gle (Evans et al. 1997) may also influence the 
collapse behavior of fiber cell walls. 
In this study, we attempt to analyze the col- 
lapse behavior of kraft-cooked Norway spruce 
fibers using computerized three-dimensional 
reconstruction and discuss the concept of de- 
gree of fiber collapse. The results reflect fea- 
tures present on pulp fibers directly after cook- 
ing. 
MATERIAL AND METHODS 
A radial section (5 mm thick and 30 mm 
wide) covering the diameter a FIG. 3. 2D reconstruction of the first transverse section 
spruce (Picea abies [L.] Karst) wood disc Was of the fiber bundle studied. Fiber rows are numbered 1- 
prepared with a knife. The sample was care- 5. The presence of ray tissue is also displayed. 
fully immobilized between two perforated 
metal plates with screws. Thereafter, the sam- 
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FIG. 4. The diagram shows the cross-sectional compactness of each fiber in relation to its position in the transverse 




ple was placed in a laboratory circulation di- 
gester and kraft-cooked together with other 
Norway spruce wood chips to a Kappa num- 
ber (bulk) of 30. 
Fiber bundles of delignified early- and late- 
wood were carefully separated with forceps 
using a stereomicroscope. Fiber bundles were 
thereafter dehydrated in acetone and embed- 
ded in Spurr's (1969) low viscosity resin. This 
procedure allowed for fibers to remain togeth- 
er and be aligned in the same direction after 
delignification. As the collapse resistance of 
latewood fibers is considered to be high, a 
sample comprised of both early- and transition 
wood fibers was chosen. Serial semi-thin (4- 
pm) sections from embedded fibers were cut 
using a Reichert FC4 ultramicrotome fitted 
with a Diatome diamond knife. Sections were 
transferred individually onto glass slides on a 
drop of water, and subsequently dried with 
heat. A total of 272 consecutive sections were 
made. 
Sequential images of fiber transverse sec- 
tions were acquired using a light microscope 
- - 
fitted with a CCD-camera attached to a com- 
puter (Pentium 11). Three-dimensional (3D) re- 
constructions of tracheid segments were gen- 
erated combining CAD (computer aided de- 
sign) and visualization software. The transverse 
shape of fibers was extracted from each image 
and positioned on top of each other. 3D recon- 
struction was accomplished by separating the se- 
rial planes in the Z direction with a correspond- 
ing gap of 4 km in between and linking the 
serial tracheid segment shapes using Non- 
Uniform Rational B-Splines (NURBS). Bor- 
dered and cross-field pits were not included in 
this work as their presence adds significantly 
to the complexity of fiber reconstructions. Ob- 
servations at higher magnification are needed 
to improve microstructural details. Recon- 
structions from pit regions will be published 
in a subsequent paper. Visualization was ac- 
complished with a high degree of freedom, al- 
though here reconstructions are displayed only 
in tonalities of the grayscale or in black and 
white. 
Cross-sectional compactness of fiber seg- 
1 2  3 4 5 6 7 8 9 10 11 12 13 14 15 
Fiber number 
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FIG. 5. Five neighboring fibers numbered 1-5 (shad- 
ed) with varying degrees of cell-wall collapse were chosen 
for further analysis. 
ments lacking pits was calculated from 4rA/ 
P2 where A is cross-sectional cell-wall area 
and P fiber perimeter (Sirvio 2001). 
Image analysis was performed using soft- 
ware ImagePro PLUS (version 4.0) and Rhi- 
noceros (version 1.1). 
RESULTS AND DISCUSSION 
The immobilization of sections from the 
wood discs prior to kraft-coolung allowed for 
pulped fibers to remain together after cooking 
supported by each other and by ray tissue fa- 
cilitating the serial sectioning of several 
pulped fibers (Fig. 1). Fiber walls may have 
shrunken a little due to the dehydration pro- 
cess, but this shrinkage may have a marginal 
effect on fiber shape. However, the fibers were 
probably affected by some minor mechanical 
strains during the careful separation of fiber 
bundles with forceps, although under industri- 
al condition deformations are likely to be 
much greater. 
Observations on computerized reconstruc- 
tions of transverse sections of the fiber bundles 
studied showed that earlywood pulp fibers are 
subject to collapse to different extents after 
kraft-cooking depending on the action and in- 
tensity of external forces (Figs. 1 and 2). Vi- 
sual analysis performed on a whole cross sec- 
tion of the fiber bundle revealed a trend on the 
collapse behavior of the fibers (Fig. 3). Thin- 
walled tracheids with a large cell lumen area 
collapse more than transition wood fibers that 
are more thick-walled with a smaller lumen. 
This is consistent with the findings of Jang and 
Seth (1998), who concluded that for a given 
wall thickness, fibers with large lumen perim- 
eters are likely to collapse more readily than 
those with small perimeters. This trend was 
confirmed by measurements of cross-sectional 
compactness that varied from 0.24 to 0.67, and 
with the exception of row 3 (Fig. 3), to in- 
crease from earlywood towards transition 
wood (Fig. 4). Cross-sectional compactness in 
row 3 varied from 0.48 to 0.63, which is rel- 
atively high compared with the other rows. 
This may have some relation to the fact that 
row 3 contains transverse sections of fiber 
ends suggesting that fiber ends show higher 
TABLE 1. Cross-sectional compactness of the jiber transverse section displayed in Fig. 3. 
Distance 
Cross-sectional compactness 












Bardaxe er a1.-3D ANALYSIS OF COLLAPSED KRAFT FIBERS 
FIG. 6. 3D and 2D reconstructions of fiber segments at 5 levels along the fiber axis. The reconstructions show 
variable collapse of cell walls of individual fibers within a length of 970 p,m (i.e., ca. ?4 of fiber length). 
cross-sectional compactness than regions more 
distant to the tips. 
Further analyses of collapse along the fiber 
length were performed on five neighboring fi- 
bers showing different degrees of collapse 
(Fig. 5). Measurements were made at a dis- 
tance of 320, 560, 800, and 970 p,m from the 
first transverse section. The cross-sectional 
compactness between fibers along this dis- 
tance varied from 0.29 in fiber no 2 to 0.43 in 
fiber no 5 (Table 1). The cross-sectional com- 
pactness of fiber no 1-3 did not vary as much 
as for fibers no 4 and 5 (Table 1). This may 
be due to the position of fibers in relation to 
the fiber rows. The transverse sections of fi- 
bers 1, 2, and 3 are at the same level due to 
the fact that these fibers belong to the same 
radial row. Fibers 4 and 5 belong to a neigh- 
boring row and their transverse sections most 
certainly do not reflect the same levels as for 
fibers 1-3. 
Observations on 3D reconstructions of these 
fiber segments revealed that pulp fibers may 
collapse differently along their axis and that 
cross-sectional compactness seems to correlate 
with the ability of the fiber walls to collapse 
(Fig. 6 and Table 1). However, cross-sectional 
compactness, and most probably any other 
type of estimation of fiber flattening, can not 
predict how the collapse of fiber walls devel- 
ops. In the present study, irregular collapse 
was developed in fibers with cross-sectional 
compactness values lower than 0.40. The ir- 
regular development of fiber flattening that 
was observed along fibers 1-3 supports this 
assumption (Fig. 6). In the case of fibers 4 and 
5, the higher values of cross-sectional com- 
pactness were reflected in less deformed cross- 
sectional areas still resembling the original fi- 
ber form (Fig. 6). However, fibers 4 and 5 
were in contact with a ray at the 320-p,m level 
(Fig. S), which may have influenced collapse 
development. The results also indicate that the 
morphology of collapse may be a result of an- 
atomical and structural features of the delig- 
nified fiber cell wall, and action of external 
shear and compression forces. These findings 
indicate that the collapse behavior of fiber 
walls may vary greatly along the fiber axis 
regardless of similar cross-sectional compact- 
ness values. 
Another interesting feature was the presence 
of cell-wall corners after delignification and 
partial separation of fibers. Persistence of the 
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cell corners may be related to a difference in 
cell-wall structure, for instance, the packing 
and agglomeration (aggregation) of cellulose 
microfibrils of delignified fibers (Hult et al. 
2001). 
Observations on the collapse behavior of fi- 
bers at three distances from the fiber tips re- 
vealed that regions near the fiber tips were 
more flattened than regions more distant from 
the tips (Fig. 7). Cross-sectional compactness 
was relatively high and constant along the axis 
for fibers with thick cell walls (fibers 1 and 
2), while in fibers with thinner cell walls, this 
feature tended to decrease towards the middle 
of the fiber (Fig. 7 and Table 2). Moreover, 
cross-sectional compactness (i.e., within a dis- 
tance of 0-32 km from the fiber tips) seems 
to increase towards the tips. It has been re- 
ported that collapse of dried spruce pulp fibers 
occurs more frequently at fiber ends due to the 
thinner cell walls in this region (Page 1967). 
However, the fact that cross-sectional com- 
pactness was relatively high in this region sug- 
gests that this fiber region should not be prone 
to deformation, and that the collapse of fiber 
FIG. 7. 2D reconstructions 6 fibers at three distances ends must be to fiber mor~hological 
along the fiber bundle (first level; 16 km from first level; Structure (Bardage 2001) or to the action of 
and 720 pm from first level). Two layers are located at external or internal strains. For instance, col- 
the fiber ends and the third layer is distant (i.e., ca. Yi of lapse and shrinkage at moisture contents 
fiber length) from the fiber ends. 
above the fiber saturation point (FSP) take 
place during drying where water causes ten- 
sion within the fiber lumen (Kauman 1964). 
The fibers studied here were dehydrated from 
a moist state. As stated by Page (1967), the 
TABLE 2. C I ~ ~ S S - S C C ~ ~ ~ I ~ U ~  cornpcI(.tness of'jlber tmnsverse sections displayed in Fig. 7. Fibers 4-6 are displaced by 
12 pin in rc,lutiot~ to ,fibers 1-3. 
rhrt;!nce 
Cror\-5ecttonal compactness 
l.c\cl ( ~ 1 1 1 )  Fihcr I Fthcr 2 Flbrr 3 Frhcr 4 Fiber 5 Fiber h 
Fiber tip 0 
First level 20 
3 2 
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resistance of fibers to collapse is a function of 
the rigidity of the fiber wall in its transverse 
plane. Furthermore, thin-walled tracheids, 
which also show slightly higher microfibril an- 
gles (MFA) compared to latewood tracheids 
(Paakari and Serimaa 1984; Sahlberg et al. 
1997), are likely to be mechanically pre- 
stressed due to greater lignification (Gindl and 
Wimmer 2000). For example, the lignin con- 
tent in secondary walls was found to be pos- 
itively correlated to tracheid diameter and neg- 
atively correlated with cell-wall thickness 
(Gindl and Wimmer 2000). On the other hand, 
recent results by Bergander and SalmCn 
(2000) showed that the fibril angle of the S,- 
layer of the wood cell wall of Norway spruce 
does not influence the transverse elastic mod- 
ulus of the fiber wall. Rather their results in- 
dicate that the S,- and also the s,-layer (with 
much higher MFA compared with the S,-lay- 
er) would be more involved in the large var- 
iation of transverse elastic modulus. Neverthe- 
less, fiber dimensions and anatomical features 
like cell-wall corners, bordered and cross-field 
pits together with the transverse properties of 
the lignin-hemicellulose matrix (Bergander 
and SalmCn 2000) may also influence how fi- 
bers collapse along their axis. 
The use of 3D reconstruction techniques al- 
lowed for a better interpretation of the collapse 
behavior of pulp fibers. The results in the pres- 
ent study show that the collapse behavior of 
fibers is most likely determined by fiber struc- 
ture and dimensions in association with degree 
of delignification and action of external forces. 
Nevertheless, some deformation may also 
arise from internal stresses during drying. The 
disposition for collapse of fibers coming from 
an annual ring in wood may be ordered in a 
gradient pattern from early- to latewood. Thin- 
walled fibers will collapse more than thick- 
walled fibers up to a certain limit of cross- 
sectional compactness. Thin-walled fibers with 
large cell lumens may collapse irregularly 
along their axis depending on the action of 
external forces, and independently of similar 
cross-sectional values. Fiber ends may become 
flattened after delignification independently of 
high values of cross-sectional compactness. 
All these features will have important impli- 
cations on fiber flow and fiber formation along 
the paper line. Industrial cooks where tons of 
pulp are being produced simultaneously are 
likely to impose much greater mechanical 
strains on the fibers resulting in even greater 
fiber collapse. 
Although Sirvio (2001) observed that the 
cross-sectional compactness of Norway spruce 
fibers was quite invariant along the fiber 
length axis, this study shows that the cross- 
sectional compactness of thin-walled early- 
wood fibers may vary along the fiber axis al- 
lowing for localized flattening or collapse. 
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